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Adjuvant-induced arthritisThe purpose of the present work was to investigate Ca2+ transport and distribution under the conditions of
the intact rat liver in health and disease (adjuvant-induced arthritis). The multiple-indicator dilution tech-
nique was used with the simultaneous injection of 45Ca2+ and indicators into the portal vein under deﬁned
conditions and analysis of the outﬂow proﬁles by means of a space-distributed variable transit time model.
The best description of the 45Ca2+ outﬂow proﬁles corresponds to a model that assumes rapid distribution
of 45Ca2+ between the vascular space and the cell surface and a slower transfer into the hepatocytes. In ki-
netic terms two distinct cellular pools were distinguishable, the cytosol and the endoplasmic reticulum.
The concentration of Ca2+ in the cytosol was much lower than in the vascular space and in the endoplasmic
reticulum. The most prominent modiﬁcation observed in the livers of arthritic rats was the increased Ca2+
concentration in the hormone-sensitive cellular pool. Furthermore, reduced rates of Ca2+ inﬂux and efﬂux
between the hormone-sensitive cellular pool and the cytosolic space were also detected in combination
with a signiﬁcantly reduced expression of the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA2) protein.
All these observations mean that in livers from arthritic rats more time is required to replenish the hormone
sensitive Ca2+ stores.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The concentration of Ca2+ in the cytoplasmic space, endoplasmic
reticulum, mitochondria and other intracellular organelles plays a
central role in the regulation of several processes [1–5]. The long list
includes glucose, fatty acid, amino acid, protein and xenobiotic me-
tabolism, the citric acid cycle activity and ATP synthesis, bile acid
and protein secretion, the movement of lysosomes and other vesicles,
the cell cycle and proliferation, apoptosis and necrosis [4,5].
Alterations in cellular Ca2+ homeostasis and signaling have been
demonstrated to produce or contribute to pathogenesis of several dis-
eases, including diabetes [6,7], obesity [8], cardiomyopathies [9] and
neurodegeneratives diseases [10]. Endoplasmic reticulum-calcium
depletion in insulin-secreting cells due to changes in the ER-ATPase
(SERCA), for example, seems to play a key role in beta-cell failure
[11,12]. There is evidence that the proinﬂammatory cytokines mediate
beta-cell dysfunction, acting on SERCA activity and also on mitochon-
drial calcium ﬂuxes [13,7]. Although the liver is not the primary target
organ in these diseases, it participates in the systemic responses, partic-
ularly in themetabolic disorders associated to diabetes and obesity and
in chronic inﬂammatory processes such as rheumatoid arthritis (RA).
The joint is the main target of the RA but many other organs are af-
fected and two-thirds of human patients experience a muscle wastingoto).
rights reserved.condition known as rheumatoid cachexia. It is believed that activated
T cells stimulate B cells, monocytes, macrophages and synovial ﬁbro-
blasts to produce many pro-inﬂammatory cytokines, prostaglandins
and chemokines [14]. The pro-inﬂammatory mediators are released in
both the local compartment, including joint or regional lymph nodes
and systemic compartments (circulation and distant lymphoid tissues)
[15–20]. The involvement of the liver is indicated by several metabolic
changes observed in the experimental model of adjuvant-induced ar-
thritic rats (AIA) [21,22]. Perfused livers from AIA exhibit many meta-
bolic changes. In general terms, the catabolic pathways are stimulated
and the anabolic pathways are inhibited, suggesting that the liver con-
tributes to inﬂammatory cachexia [23–27]. Themechanisms implicated
in these perturbations are largely unknown but the involvement of
Ca2+ is suggested by some observations.
It is well known that a variety of channels, transporters and co-
transporters located in the plasmamembrane, endoplasmic reticulum
and mitochondrial membranes are the elements involved in the dis-
tribution and movements of cellular Ca2+ in hepatocytes [2,5]. Adju-
vant arthritis has been demonstrated to induce modiﬁcations in the
phospholipid and fatty acid membrane composition as well as in
the ﬂuidity of microsomes, mitochondria and plasma membranes
[2,28,29]. Changes in the activities of membrane-bound enzymes, in-
cluding microsomal drug metabolizing enzymes [30,31] and in the
glucose 6-phosphatase activity [32] were demonstrated. Strosova
et al. [33] found decreased activity of SERCA associated with in-
creased levels of protein carbonyls, decreased cysteine SH groups
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in AIA rats. Moreover, mitochondria present greater sensitivity to
the uncoupling action of Ca2+ [34], an effect that we have demon-
strated to be consequence of the higher sensitivity of mitochondria
from arthritic rats to Ca2+-induced mitochondrial pore transition
(MPT) [35]. All these data are indirect evidence of changes in liver
Ca2+ homeostasis, but the inﬂuence of AIA on transport and distri-
bution of Ca2+ has not yet been directly examined.
Most studies on Ca2+ transport and characterization of carriers and
channels have been done using subcellular fractions, isolated hepato-
cytes andhepatocyte cell lines [36–38]. A considerable amount of knowl-
edge has been derived from studies using these systems. However, even
intact isolated hepatocytes are only partially representative of the true in
vivo environment. For example, hepatocytes exhibit spatial polarization
in their architecture, with three distinct functional regions: the basal or
sinusoidal membrane facing blood in the sinusoids, the lateral mem-
brane facing the intercellular space and the canalicular membrane [39].
This spatial polarity can be critical for the Ca2+movements and distribu-
tion in the liver. Liver cell lines or isolated hepatocytes do not exhibit
those features of spatial polarity. Probably, the relative distribution of
many signaling proteins, including Ca2+ channels and hormone recep-
tors differs considerably from that of the hepatocytes in the intact liver.
From the considerations above it seems reasonable to assume that
it would be of interest to measure Ca2+ ﬂuxes and distribution in the
intact liver, which is exactly the purpose of the present work. Such
measurements can be done by means of the multiple-indicator dilu-
tion (MID) technique, which consists in the portal injection of tracers
followed by analysis of the outﬂow proﬁles. In the perfused liver both
microcirculation and polarity are maintained and the kinetics of
transport across the plasma membrane and the exchange between
cellular pools can be assessed without disruption of the cellular integ-
rity and without affecting bioenergetics. Essential for the successful
application of the MID technique is the mathematical analysis of the
dilution proﬁles in which the hemodynamic parameters are inferred
from the outﬂow proﬁles of appropriate reference substances [40–43].
This technique has been successfully used for studying several transport
phenomena in the isolated perfused rat liver under steady-state
conditions [40–43]. Ca2+ transport, however, has not been studied
through this technique until now and, thus, we have ﬁrstly studied
the applicability of the experimental procedure and of the mathemati-
cal analysis to Ca2+ transport. In order to corroborate the reliability of
the model used in the present study, experiments were also done
with norepinephrine, a hormone that produces well known changes
in Ca2+ ﬂuxes. Finally, it is hoped that the experiments with livers
from adjuvant-induced arthritic rats will reveal the potentialities of
using the technique as a tool for studying the role of Ca2+ ions in the
pathogenesis of other liver diseases.
2. Materials and methods
2.1. Materials
The liver perfusion apparatus and the rapid sampling apparatus
for MID experiments were built in the workshops of the University
of Maringá. 45Ca2+ (1.7 mCi/mmol), [3H]inulin (0.9 Ci/mmol), [3H]
water (20 μCi/mmol) and the biodegradable counting scintillant solution
(BCS®) were purchased from Amersham Life Science (Buckinghamshire,
UK). Inulin and norepinephrine were purchased from Sigma Chemical
Company (St. Louis, USA). All reagent-grade chemicals were from the
best available grade. Only plastic materials were used since calcium
binds to glass.
2.2. Animals and induction of adjuvant arthritis
Male Holtzman rats weighing 250–300 g and fed ad libitumwith a
standard laboratory diet (Nuvilab®, São Paulo, Brazil) were used forthese studies. The induction of adjuvant arthritis was done by intra-
dermal injection of 0.1 ml of Freund's adjuvant suspension in the
rat left hind paw. Freund's adjuvant is composed of inactivated and
dried Mycobacterium tuberculosis suspended in mineral oil at a con-
centration of 0.5% (w/v) [44]. Experiments were performed 2 weeks
after the adjuvant injection with animals presenting the typical inju-
ries of arthritis [45].
2.3. Liver perfusion
For the surgical procedure the rats were anesthetized by intraper-
itoneal injection of sodium pentobarbital (50 mg kg−1 body weight).
Hemoglobin-free, non-recirculating perfusion was performed. The
surgical technique was that one described by Bracht et al. [46]. After
cannulation of the portal and cava veins the liver was positioned in
a Plexiglass chamber. The ﬂowwas maintained constant by a peristal-
tic pump (30–33 ml/min). The perfusion ﬂuid was Krebs/Henseleit-
bicarbonate buffer (pH 7.4), saturated with a mixture of oxygen and
carbon dioxide (95:5) bymeans of amembrane oxygenatorwith simul-
taneous temperature adjustment at 37 °C. The CaCl2 concentration in
the perfusion ﬂuid varied between 50 and 500 μM. The osmolarity of
the perfusion ﬂuid was compensated with NaCl. Only ultra pure water
was used. When required, norepinephrine (1 μM) was dissolved in
the perfusion ﬂuid. In the experiments with norepinephrine, the portal
pressure was monitored by means of an Isotec pressure transducer
(Sachs Elektronik). The sensor was positioned near the entry of the por-
tal vein. The pressure changes were computed from the recorder trac-
ings and expressed as mm Hg. The experiments were initiated when
steady-state conditions were attained as judged from the oxygen con-
sumption rates of the livers, monitored by a Teﬂon-shielded platinum
electrode. All experiments were approved by the Ethics Committee of
Animal Experimentation of the University of Maringá.
2.4. Multiple-indicator dilution experiments
MID experiments were performed by injecting 70 μl of a mixture
containing 45Ca2+ (4.5 μCi), [3H]inulin (4.5 μCi) and [3H]water
(10 μCi). In addition to labeled substances, the injected solution also
contained CaCl2 and inulin at concentrations equal to those in the inﬂu-
ent perfusate. Following injection the efﬂuent perfusatewas collected in
0.5- to 2.0-s fractions over a period of 90 s following the injection by
means of a specially designed fraction collector. Collection of the subse-
quent samples was made in 30- to 120-s intervals over a period of
1500 s. The samples were added to a biodegradable counting scintillant
solution (BCS®) to measure radioactivity by liquid scintillation, with
isotope discrimination for the simultaneous determination of 3H
(as [3H]inulin and [3H]water) and total 45Ca2+. [3H]Inulin was count-
ed after elimination of [3H]water by freeze-drying, and the latter was
computed from the difference between total 3H and [3H]inulin. An ali-
quot of the injected mixture was counted for the determination of the
[3H]inulin to 45Ca2+ ratio. From this ratio and the recovered [3H]inulin
(which is equal to the injected one [32]) the amount of injected 45Ca2+
was calculated. All dilution curves were normalized as (amount in the
efﬂuent sample) (s)−1 (total amount injected)−1.
When the MID experiments were performed in the presence of
norepinephrine, the injection of tracers was done at 1.5 min after
starting the infusion of norepinephrine at the concentration of 1 μM,
with CaCl2 at the concentration of 50 μM.
2.5. Modeling 45Ca2+ behavior in the perfused liver
Useful equations for the analysis of transport phenomena in the
perfused liver can be derived under the assumptions of the space-
distributed variable transit time model of Goresky et al. [47] plus
the kinetic events underlying the possible behavior of 45Ca2+ in the
liver. Based on previous notions about the behavior of Ca2+ in the
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Fig. 1, which includes pools, movements and ﬂow in the vascular
space. The four pools are: (1) Ce1, the Ca2+ concentration in the extracel-
lular space (the portally infused Ca2+); (2) Ce2, which corresponds to the
Ca2+ bound to the cell membrane and adjacencies (e.g., glycocalix);
(3) Ci1, that represents the Ca2+ concentration in the ﬁrst cellular
pool (possibly cytosol); and (4) Ci2, which corresponds to the Ca2+
concentration in a second cellular pool (possibly organelles). It is as-
sumed that Ca2+ in the extracellular space (Ce1) rapidly equilibrates
with the cell membrane and adjacencies. The rate parameters for this
equilibration are thus tending to inﬁnity (i.e., λ1→∞ and λ2→∞), but
their ratio is assumed to be ﬁnite (i.e., β=λ1/λ2). Exchange between
the cell membrane pool (Ce2) and the ﬁrst cellular pool (Ci1) is assumed
to occur with transfer coefﬁcients per unit time and unit space equal to
k1 and k2. Similarly, k3 and k4 are the transfer coefﬁcients per unit time
and unit space for the exchange between the ﬁrst and the second cellu-
lar pool. For the events in Fig. 1, the liver response to a single injection of
45Ca2+ tracer under steady-state conditions can be described by the fol-
lowing equation [48,32,49]:
Q tð Þ ¼ Q ref tð Þ⋅e−k1 t−toð Þ þ ∫t−too e
−k1τQref τ þ toð Þ
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ð1ÞFig. 1. Schematic representation of the events described by Eq. (1). Symbols: Ce1, Ca2+ conc
membrane adjacencies; Ci1, Ca2+ concentration in the ﬁrst cellular pool; Ci2, Ca2+ concentr
change between the vascular and membrane spaces; k1 and k2, composite transfer coefﬁcien
composite transfer coefﬁcients for the exchange between the ﬁrst and the second cellular pIn Eq. (1),Q(t) is the outﬂowproﬁle of the injected tracer (45Ca2+), t
represents time after the injection of tracer, τ the variable transit time in
the sinusoids and t0 the uniform transit time in the large vessels. The
symbols α1 and α2 represent the roots of the quadratic equation:
s2+(k2+k3+k4)s+k2k4=0. The dimensions of the transfer coefﬁ-
cients are inverse time (s−1), and they are referred to their correspond-
ing distribution space (i.e., ml s−1 ml distribution space−1). For k1 this
space corresponds to the extracellular space into which 45Ca2+ un-
dergoes ﬂow-limited distribution and for k2, k3 and k4 to the intracellu-
lar space. Qref(t) or Qref(τ+t0) represents the dilution curve of an
appropriate reference for thewhole space intowhich 45Ca2+ undergoes
ﬂow-limited distribution. This curve can be computed from the outﬂow
proﬁle of [3H]inulin [Qin(t)], assuming that the appropriate reference
differs from [3H]inulin merely because it distributes in a ﬂow
limited-fashion in an expanded space. Under this assumption, the fol-
lowing linear transformation can be used [50,43]:
Q ref tð Þ ¼
1
1þ β Q in
t−t0
1þ β þ t0
 
ð2Þ
According to Eq. (2), Qref(t) can be taken as the [3H]inulin curve
Qin(t) at time ([t− t0]/([1+β]+ t0) divided by the factor (1+β).
The parameter β is the excess extracellular space into which calcium
undergoes ﬂow-limited distribution divided by the extracellular space
occupied by [3H]inulin. It should be added that in the isolated perfused
rat liver the [3H]inulin space is practically the same as the space occu-
pied by low molecular weight sugars such as labeled sucrose [32].
The value of t0 was obtained from the linear superimposition of
the [3H]inulin curve on the [3H]water curve, as predicted by Goresky
[50]:
Qwater tð Þ ¼
1
1þ θ
 
Q in
t−t0
1þ θþ t0
 
ð3Þentration in the vascular space (extracellular space); Ce2, Ca2+ concentration in the cell
ation in the second cellular pool; λ1 and λ2, composite transfer coefﬁcients for the ex-
ts for the exchange between the extracellular space and the ﬁrst cellular pool; k3 and k4,
ools.
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water space. Qwater(t) represents the impulse response of [3H]water
and Qin([t− t0]/([1+θ]+ t0) corresponds to the [3H]inulin curve at
time ([t− t0]/([1+θ]+ t0). Eq. (3) assumes ﬂow-limited distribution
of both tracers.
The mean transit time of tracers (t) was calculated according to
Meier and Zierler [51]:
t ¼ ∫∞
0
Q tð Þ⋅t dt ð4Þ
Q(t) represents the normalized curve of the tracer and t represents
time after injection.
2.6. Pool sizes and exchange rates
Pool sizes and exchange rates can be calculated from the transfer
coefﬁcients and the extracellular Ca2+ concentration (Ce1). The pool
that exchanges rapidly with the extracellular space (Ce2) can be calcu-
lated as:
Ce2 ¼ Ce1  β ð5Þ
Ce2 has the dimensions of nmol Ca2+×(ml extracellular reference
space)−1. The extracellular reference space differs from the extracel-
lular water space by the factor (1+β).
Under the steady-state conditions maintained by the continuous
infusion of non-radioactive Ca2+ into the perfusion ﬂuid and in the
absence of net ﬂuxes across the barriers (membranes) limiting the
cellular pools, the rates of inﬂux are equal to the rates of efﬂux.
Under the assumption that the extracellular Ca2+ pool (Ce1) is in
equilibrium with Ca2+ bound to the cell membrane and adjacencies,
the exchange rate across the cell membrane (F1i↔e) can be calculated
as:
Fi↔e1 ¼
k1
θ= 1þ βð Þ  Ce1 ¼ k2  Ci1: ð6Þ
Since Ce1 corresponds to the known portal Ca2+ concentration, Ci1
can be calculated as:
Ci1 ¼ Ce1 
k1
k2
1
θ= 1þ βð Þ
 
¼ F
i↔e
1
k2
: ð7Þ
Similarly, the exchange rate between the ﬁrst and the second cel-
lular pools (F2i↔e) is given by:
Fi↔e2 ¼ k3  Ci1 ¼ k4  Ci2: ð8Þ
If Ci1 is calculated previously using Eq. (7), Ci2 can be calculated as:
Ci2 ¼
k3
k4
 Ci1 ¼
Fi↔e2
k4
: ð9Þ
When calculated according to Eqs. (6) and (8), the exchange rates
are referred to the aqueous cell space of the liver. They have the di-
mensions of nmol Ca2+×s−1×(ml total intracellular aqueous space
accessible to [3H]water)−1.
2.7. Calculations
The ﬁrst step was to obtain the transit time in the large vessels (t0)
by means of an optimized superimposition of the [3H]water and [3H]
inulin curves according to Eq. (3). A nonlinear iterative least-squares
procedure was used [30]. In the next step Eqs. (1) and (2) were ﬁtted
simultaneously to the experimental outﬂow proﬁles of 45Ca2+ to-
gether with the previously optimized value of t0 and provisionalestimates of β, k1, k2, k3 and k4. Iterations of the nonlinear least-
squares procedures were continued until the standard deviation of
the estimate was minimized. The integrals in Eq. (1) were calculated
by the Romberg's algorithm [30]. Interpolations were done using
Stineman's interpolation formula [52]. The integrals in Eq. (4) (mean
transit time) were determined by means of the trapezoid rule with
monoexponential extrapolation to inﬁnity [51].
2.8. Quantitative polymerase chain reaction
Total RNA was isolated from livers of control and arthritic rats
using the Trizol reagent (Invitrogen, Breda, The Netherlands). cDNA
was synthesized from total RNA with an oligo-dT12-18 primer and
Superscript III reverse transcriptase (Invitrogen). Real-time PCR mea-
surements were performed at 60 °C in a Light Cycler 480 apparatus
(Roche, Mannheim, Germany) with Light Cycler Fast start DNA Mas-
ter Plus SYBR Green I (Roche). The mRNA level of SERCA2 was nor-
malized to 18S rRNA.
The primer sequences are as follows: 18S rRNA: 5′-gggaggtagt
gacgaaaaataacaat-3′ and 3′-ttgccctccaatggatcct-5′; SERCA 2: 5′-tctgtca
ttcgggagtgggg-3′ and 3′-gcaccaccaactgcttagcc-5′.
2.9. Treatment of data
The data in tables and ﬁgures were expressed as mean±standard
error (SE). The statistical signiﬁcance of the differences betweenparam-
eters was evaluated by Student's t-test or by means of one-way ANOVA
with signiﬁcant differences among means identiﬁed by Newman–
Keuls' testing. The results were reported as probability values, the crite-
rion of signiﬁcance being Pb0.05. Statistical analysis was performed by
means of the Statistica or GraphPad Software. Linear and nonlinear re-
gression analysis was done by means of GraphPad Software.
3. Results
3.1. Typical outﬂow proﬁles of 45Ca2+ and indicators in livers from
normal rats
Fig. 2 shows four typical outﬂow proﬁles of experiments in which
45Ca2+, [3H]inulin and [3H]water were injected. They were obtained
with four CaCl2 concentrations in the perfusion ﬂuid: 50 μM (panel A),
100 μM (panel B), 250 μM (panel C) and 500 μM (panel D). All curves
were normalized by dividing the amount of radioactivity that
reappeared per second by the total injected radioactivity. If there
is no loss within the liver, the areas under such normalized curves
are equal to unity. This occurred with all 45Ca2+ curves obtained in the
present work denoting that there was no loss or sequestration of label.
As expected, the [3H]water outﬂow proﬁle was delayed in relation to
the [3H]inulin outﬂow proﬁle because water distributes over the entire
aqueous space of the liver, whereas [3H]inulin does not exchange with
the cellular space during a single passage. At 50 μM CaCl2 (panel A),
the outﬂow proﬁle of 45Ca2+ had an initial upslope that was slightly
delayed with respect to that of [3H]inulin proﬁle and reached a lower
magnitude. Furthermore, the peak time of the 45Ca2+ curve was slightly
shifted to the right and its downslope decayedmore slowly in relation to
the [3H]inulin curve, so that both curves crossed soon after the peak
time.
When the CaCl2 concentration was increased from 50 to 100 μM
(panel B), 250 μM (panel C) and 500 μM (panel D), the 45Ca2+ out-
ﬂow proﬁles progressively approached those of [3H]inulin. Differ-
ences in the peak values progressively diminished as the CaCl2
concentration increased, as well as the differences that were observed
in the downslope of the 45Ca2+ and [3H]inulin outﬂow proﬁles at the
50 μM concentration (panel A). These ﬁndings are characteristic of
saturation phenomena.
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The transfer coefﬁcients in the scheme of Fig. 1 can be obtained by
ﬁtting Eqs. (1) and (2) to the experimental data. If the equations ﬁt to
the experimental data, this can be taken as a ﬁrst indication that the
model in Fig. 1 in fact describes the main events that follow a bolus in-
jection of 45Ca2+. Despite the small differences between the [3H]inulin
and 45Ca2+ outﬂow proﬁles at the highest CaCl2 concentrations in the
perfusion ﬂuid, Eq. (1) could be ﬁtted to all 45Ca2+ outﬂow proﬁles. Ex-
amples are shown in Fig. 3, which illustrates results of the calculations
with experiments of the kind shown in Fig. 2. The closed circles repre-
sent the experimental data and the solid lines the calculated curves.
The optimized parameters are given on each graph. There was a good
agreement between theory and experiment. Similar good ﬁts were
obtained for all experiments at various CaCl2 concentrations. The traced
line in Fig. 3 is the curve of the new reference Qref(t), as given by Eq. (2).
The curves of the new reference differ from those of [3H]inulin shown in
Fig. 2 because of an extra, apparent or real, extracellular space into
which 45Ca2+ undergoes ﬂow-limited distribution, but from which
[3H]inulin is excluded. This 45Ca2+ distribution space exceeds that of
[3H]inulin by a relatively small factor, given by (1+β). The parameter
βwas equal to 0.12 ± 0.008 at 50 μM extracellular Ca2+. As the extra-
cellular CaCl2 concentration was increased to 100, 250 and 500 μM, the
values of β slightly decreased to 0.11±0.008, 0.093±0.007 and
0.099±0.006, respectively.
Eq. (1) allows the resolution of the calculated 45Ca2+ outﬂow pro-
ﬁles into the throughput and exchanged components. The throughput
comprises the fraction of the injected 45Ca2+ which did not enter the
cellular space and traveled to the outﬂow in the same manner as the
new reference. The second component (exchanged) corresponds to the
fraction that entered the cells at least once. These two components aregiven by the ﬁrst (throughput) and the second, andmore complex term
(exchanged), in Eq. (1). Fig. 4 illustrates these separable components of
the same set of curves shown in Fig. 3. The fractions of 45Ca2+ that en-
tered the liver and returned to the perfusate were the smallest compo-
nents of the curves. The mean values of the exchanged components
passed from 25.3% at 50 μM CaCl2 to 17.1%, 17.1% and 7.7% at 100, 250
and 500 μM, respectively.
Several transport parameters were derived from the ﬁtting proce-
dures of Eq. (1) to the experimental data. In general, all transfer coef-
ﬁcients could be optimized excepting k3 and k4 in the experimental
series with 500 μM CaCl2. At this concentration, the fraction of tracer
(45Ca2+) that entered the cells (exchanged) was minimal as shown in
Fig. 4 (panel D) and the outﬂow proﬁle contained not enough informa-
tion for determining k3 and k4. This is also why experiments were not
done at CaCl2 concentrations higher than 500 μM.
Fig. 5 shows the changes in the transfer coefﬁcients with increas-
ing CaCl2 concentrations in the perfusion ﬂuid (extracellular space).
Comparison of the values estimated at 50 μM reveals that the transfer
coefﬁcient for Ca2+ efﬂux from the ﬁrst intracellular space (k2) was
substantially higher than the transfer coefﬁcient for Ca2+ entry into
the cells (k1). On the other hand, the transfer coefﬁcient for Ca2+
entry into the second cellular pool (k3) was signiﬁcantly higher than
the value for Ca2+ efﬂux from this pool (k4).
The transfer coefﬁcients k1 and k2 (panel A) showed a clear depen-
dence on the extracellular CaCl2 concentration (Ce1). They decreased
progressively as Ce1 increased. The same trendwas seenwith the transfer
coefﬁcients for inﬂux into the second intracellular pool (k3) (panel B).
The transfer coefﬁcients for efﬂux (k4), however, were not dependent
of the CaCl2 concentration in the range between 50 and 250 μM.
The progressive decrease in k1 and k2 when the extracellular Ca2+
concentration was increased reﬂects most probably saturation of the
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the ﬁrst cellular pool. Saturation of Ca2+ inﬂux from the ﬁrst into
the second cellular pool was also indicated by the decrease in k3. It0 20 40 60 80 100
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Fig. 5. Changes in the transfer coefﬁcients of 45Ca2+ as a function of the CaCl2 concen-
tration in the perfusion ﬂuid (Ce1). The mean transfer coefﬁcients were obtained by
ﬁtting Eqs. (1) and (2) to the experimental outﬂow proﬁles. The data points represent
the mean of four to seven liver perfusion experiments. Vertical bars are standard
errors.
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Fig. 6. Concentration of Ca2+ in the cell membrane (Ce2) as a function of the concentra-
tion in the vascular space (Ce1). The Ce2 values were calculated from β and Ce1,
employing Eq. (5). β was obtained by ﬁtting Eqs. (1) and (2) to the outﬂow proﬁles.
The data points represent the mean of four to seven liver perfusion experiments. Ver-
tical bars are standard errors. The continuous line is the regression line, calculated as
y=0.096x+0.958. The coefﬁcient of determination (r2) is equal to 0.996.
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Fig. 7. Concentration of Ca2+ in the ﬁrst cellular pool (Ci1) as a function of the concen-
tration in the vascular space (Ce1). The Ci1 values were calculated employing Eq. (7).
The transfer coefﬁcients were derived by ﬁtting Eqs. (1) and (2) to the outﬂow proﬁles.
The data points represent the mean of four to seven liver perfusion experiments.
Vertical bars are standard errors. The continuous line is the regression curve, calculated
as y=2.39+0.024x+0.0008x2−(4.84 10−7)x3. The coefﬁcient of determination (r2)
is equal to 0.991.
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The pool sizes Ce2, Ci1 and Ci2 were calculated according to Eqs. (5),
(7) and (9), respectively. In Fig. 6 Ce2 was plotted against Ce1. The re-
lation was linear over the concentration range of the present experi-
ments, the pertinent coefﬁcient of determination (r2) being equal to
0.9964. This linear relationship indicates a single partition coefﬁcient
for the distribution of Ca2+ between the vascular space and the cell
membrane pool.
Fig. 7 shows a representation of Ci1 against Ce1 and Table 1 lists the
Ci1/Ce1 ratios for each Ce1 value. The relation between Ci1 and Ce1 was
clearly parabolic. The Ci1/Ce1 ratios (Table 1) were smaller than unity,
as expected from previous notions about the strong concentration
gradient between the vascular and cytosolic spaces. At Ce1 equal to
50 μM, the Ca2+ concentration in the ﬁrst cellular pool was nearly
one order of magnitude lower.
The relation between Ci2 and Ci1 (Fig. 8) is hyperbolic. In agreement
with the widespread notion about the existence of highly concentrated
intracellular Ca2+ pools (endoplasmic reticulum and mitochondria),
the calculations revealed a large concentration gradient between the
ﬁrst (Ci1) and the second cellular (Ci2) pools (Table 1). At the portal con-
centration of 50 μM, Ci2 was 14.6 fold higher than Ci1. Contrasting with
the Ci1/Ce1 values, the Ci2/Ci1 ratio diminished when the portal Ca2+
concentration was raised.
Fig. 9 illustrates the relation between the exchange rates F1i↔e and
F2
i↔e and the corresponding concentrations Ce1 and Ci1. A quantitative
analysis of the correlation between the parameters is difﬁcult because
of the low number of experimental points, specially for F2i↔e, but it
seems clear they both are saturable functions of the concentrations in
the corresponding spaces. The classical Michaelis–Menten equation
was ﬁtted to the F1i↔e versus Ce1 (i.e., F1i↔e=VmaxCe1/(KM+Ce1)) andF2
i↔e versus Ci1 (i.e., F2i↔e=VmaxCi1/(KM+Ci1)) relationships. The equa-
tion accounted reasonably well for both experimental curves even
though the F1i↔e versus Ce1 relationship presented considerable disper-
sion. The KM for the exchange between the extracellular space and the
ﬁrst cellular pool (F1i↔e) was equal to 124.5±60.62 μM, and the
Vmax 5.16±0.98 nmol s−1 ml−1. The corresponding values for the
exchange between the ﬁrst and second cellular pools (F2i↔e) were
9.38±3.21 μM and 2.42±0.34 nmol s−1 ml−1, respectively.
3.4. The inﬂuence of norepinephrine on transfer coefﬁcients and distribution
space of Ca2+
The second Ca2+ pool revealed by the analysis of the MID experi-
ments does not necessarily correspond to a single anatomical com-
partment, for example, endoplasmic reticulum or mitochondria. It
may also be representing a group of pools that can not be distin-
guished by kinetic means. The use of agents that modify Ca2+ ﬂuxes
by known mechanisms can be helpful in the identiﬁcation of the sec-
ond compartment. One such agent is norepinephrine, which is known
to modify several Ca2+ ﬂuxes, to trigger mobilization of the calcium
stores in the endoplasmic reticulum and to increase the cytosolic cal-
cium concentration [1,4,5]. For this reason the MID experiments were
Table 1
Ca2+ concentration ratios as a function of the extracellular calcium concentration. The
concentrations of Ca2+ in the ﬁrst (Ci1) and second (Ci2) cellular pools were calculated
according to Eqs. (7) and (9). Signiﬁcant differences between means are identiﬁed by
pairs of letters in each column, as determined by ANOVA with Newman–Keuls' testing
(Pb0.05).
Extracellular CaCl2 concentration (Ce1)
μM
Ci1/Ce1 Ci2/Ci1
50 (n=6) 0.062±0.0078a 14.62±3.72a
100 (n=7) 0.070±0.012b 9.49±0.96
250 (n=6) 0.109±0.0135a,b,c 3.27±0.37a
500 (n=4) 0.164±0.0135a,b,c –
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Fig. 9. Concentration dependences of the rates of Ca2+ exchange. A: exchange between
the extracellular space and the ﬁrst cellular pool (F1i↔e versus Ce1). B: exchange be-
tween the ﬁrst cellular pool and the second cellular pool (F2i↔e versus Ci1). Rates
were calculated according to Eqs. (6) (F1i↔e) and (8) (F2i↔e) using the rate constants
derived by ﬁtting Eqs. (1) and (2) to the outﬂow proﬁles. Ci1 was calculated according
to Eq. (7). The data points represent the mean of four to seven liver perfusion experi-
ments. Vertical bars are standard errors. The continuous lines joining the experimental
data are the nonlinear regression curves calculated with the ﬁtted Michaelis–Menten
equation (F1i↔e=Vmax×Ce1/(KM+Ce1) and F2i↔e=Vmax×Ci1/(KM+Ci1)).
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of tracerswas done at 1.5 min after starting the infusion of norepineph-
rine at the concentration of 1 μM, with CaCl2 at the concentration of
50 μM. At this time, norepinephrine was found to induce the maximal
increase in the portal pressure under the same experimental conditions
as the indicator dilution experiments. The increment reached 1.5 mm
Hg relative to the basal pressure (data not shown). At the injection
time of 1.5 min following the onset of norepinephrine infusion, a tran-
sient net efﬂux of Ca2+ from the cytosol will be occurring [1]. This net
efﬂux corresponds to a transition between different steady-state condi-
tions, thus invalidating Eqs. (5) to (9), which can not be used for calcu-
lating pool sizes in the presence of norepinephrine.
As revealed by Table 2, norepinephrine infusion in livers from nor-
mal rats increased the vascular space (Ve) accessible to labeled inulin
by 24% and increased the accessible cellular space (Vi) by 35%. The
ratio of Vi to Ve (θ), however, was not modiﬁed. Norepinephrine did
not modify the volume of the non-exchanging vessels as t0 was not
signiﬁcantly modiﬁed. The throughput and exchanged components
of the calculated 45Ca2+ outﬂow proﬁle were also not modiﬁed by
norepinephrine. Norepinephrine infusion, however, caused substan-
tial alterations in the transfer coefﬁcients. The transfer coefﬁcient
for efﬂux from the cytosolic pool to the extracellular space (k2) was
70% lower than that for the control condition. The values of k1 were
not altered, although a tendency toward smaller values was apparent.
The k2/k1 ratio was reduced from 10.02 (control) to 4.38.
The most prominent effect of norepinephrine was on the transfer
coefﬁcient for efﬂux from the second pool (k4), which was 188% in-
creased. In opposition, the transfer coefﬁcient for Ca2+ inﬂux into
the second compartment (k3) was 30% reduced. The combination of
these opposite effects led to a strong diminution of the k3/k4 ratio. It
was equal to 14.6 in the control condition and reduced to 3.4 in the0 10 20 30
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Fig. 8. Concentration of Ca2+ in the second cellular pool (Ci2) as a function of the con-
centration in the ﬁrst cellular pool (Ci1). Ci1 values were calculated employing Eq. (7).
The Ci2 values were calculated employing Eq. (9). The transfer coefﬁcients were de-
rived by ﬁtting Eqs. (1) and (2) to the outﬂow proﬁles. The data points represent
the means of six to seven liver perfusion experiments. Vertical bars are standard
errors.presence of norepinephrine. In general it can be said that the modiﬁca-
tions caused by norepinephrine are those expected if one takes into ac-
count previous notions about the action of this hormone [1,4,5].
3.5. The inﬂuence of adjuvant-induced arthritis on the transfer coefﬁcients
and distribution space of Ca2+
Dilution experiments with livers from adjuvant induced arthritic
rats were performed in the absence or presence of 1 μM norepineph-
rine. The experimental protocol was the same as that one used in
livers from normal rats, as illustrated by Fig. 2A, and the extracellular
Ca2+ concentration was 50 μM. Fig. 10A shows typical outﬂow pro-
ﬁles of 45Ca2+, [3H]inulin and [3H]water obtained with a liver from
an arthritic rat in the absence of norepinephrine. Panel B shows the
45Ca2+ theoretical curve obtained by ﬁtting Eq. (1) to the experimen-
tal data, the optimized parameters and the computed reference curve
(Qref(t)), as given by Eq. (2). The resolution of the calculated 45Ca2+
outﬂow proﬁle into the throughput and exchanged components is
shown in panel C. The agreement between the calculated and exper-
imental curves of 45Ca2+ in livers from arthritic rats is comparable to
that found in livers fromnormal rats. The parameters thatwere obtained
from the ﬁtting procedures are listed in Table 2 and Fig. 11, and they re-
veal that arthritis caused modiﬁcations in Ca2+ transport as well as in
other parameters. Arthritis caused a reduction of 17% in t0 (large vessels
transit time) and an increase of approximately 30% in Ve and Vi when
compared to the control condition. The parameters Vi/Ve, θ and β, how-
ever, were not signiﬁcantly modiﬁed. The modiﬁcations in the transfer
Table 2
Effects of 1 μM norepinephrine on parameters of transport and distribution of 45Ca2+ in livers from normal and arthritic rats. All parameters were obtained frommultiple-indicator
dilution experiments performed with 50 μM CaCl2 in the perfusion ﬂuid as those illustrated by Figs. 2A and 10A. The parameters were obtained by ﬁtting Eqs. (1) and (2) to the
experimental outﬂow proﬁles. In the norepinephrine experimental series the injection of tracers was done 1.5 min after the onset of the hormone infusion. The data are
means±SE. Signiﬁcant differences between means are identiﬁed by pairs of identical symbols in each row as determined by means of Student's t-test (Pb0.05).
Parameter Normal rats Arthritic rats
Control
(n=6)
Norepinephrine
(n=5)
Control
(n=4)
Norepinephrine
(n=6)
t0 (s) 1.64±0.062# 1.49±0.0723 1.352±0.049#
(−17%)
1.376±0.053
θ 2.041±0.069 2.203±0.0267 2.043±0.014 2.072±0.022
Ve as ﬂow×(t in−t0)
(ml/g)
0.233±0.01⁎,# 0.29±0.018⁎
(+24%)
0.31±0.015#
(+32%)
0.291±0.021
Vi as ﬂow×(tw−t in)
(ml/g)
0.482±0.021⁎,# 0.648±0.029⁎
(+34%)
0.642±0.021#
(+33%)
0.618±0.042
Vi as ﬂow×(t in− t0)×θ
(ml/g)
0.473±0.02⁎,# 0.639±0.036⁎
(+35%)
0.621±0.028#
(+31%)
0.602±0.043
Vi/Ve 2.076±0.045 2.246±0.071 2.097±0.043 2.13±0.024
β 0.128±0.008 0.097±0.0182 0.103±0.021 0.100±0.021
k1 (s−1) 0.059±0.009 0.038±0.007 0.095±0.027 0.059±0.005
k2 (s−1) 0.527±0.036⁎ 0.155±0.0168⁎
(−70%)
0.61±0.146‡ 0.269±0.023‡
(−56%)
k3 (s−1) 0.206±0.020⁎,# 0.144±0.014⁎
(−30%)
0.135±0.009#
(−34%)
0.111±0.015
k4 (s−1) 0.017±0.003⁎,# 0.049±0.013⁎
(+188%)
0.005±0.001#,‡
(−70%)
0.014±0.002‡
(+180%)
k2/k1 10.02±1.6⁎ 4.38±0.51⁎
(−56%)
6.85±0.98‡ 4.6±0.22‡
(−33%)
k3/k4 14.62±3.72⁎,# 3.44±0.54⁎
(−76%)
30.39±5.36#,‡
(+108%)
8.22±1.14‡
(−73%)
Throughput 0.747±0.025# 0.758±0.04 0.63±0.026#
(−16%)
0.666±0.017
Exchanged 0.253±0.025# 0.242±0.04 0.37±0.026#
(+46%)
0.334±0.017
Symbols: #normal control versus arthritic control; ⁎normal control versus normal norepinephrine; ‡arthritic control versus arthritic norepinephrine.
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ﬁrst cellular pool (k1 and k2) were not entirely clear but a strong tenden-
cy toward higher values of k1 (P=0.17)was apparent withoutmodiﬁca-
tion in k2. This increasing tendency for k1 was conﬁrmed by the
signiﬁcant increment (+46%) in the exchanged component of the
Ca2+ outﬂow proﬁle. This increment also means an increased rate of ex-
change between the extracellular space and the ﬁrst cellular pool (F1i↔e)
of approximately 114% (Fig. 11A). On the other hand, arthritis produced
signiﬁcant diminutions in the transfer coefﬁcients for Ca2+ exchange be-
tween the ﬁrst and second cellular pools (k3 and k4). In relative terms,
the reduction in k4 (efﬂux; −70%) was more pronounced than that in
k3 (inﬂux;−34%). The steady-state rates of exchange between the ﬁrst
and second cellular pools (F2i↔e), however, were not modiﬁed.
Eqs. (5) to (9) were again used to calculate pool concentrations.
Fig. 11B reveals that arthritis did not change the Ca2+ concentration
in the rapid exchanging extracellular pool (Ce2) and in the ﬁrst cellu-
lar pool (Ci1). An increase occurred, however, in the concentration of
the second cellular pool (Ci2). In consequence, the concentration gra-
dient between the second and the ﬁrst cellular pool was also consid-
erably increased from 14.6±3.7 (Table 1) to 30.4±5.4. This reﬂects
the fact that arthritis diminished much more the transfer coefﬁcient
for efﬂux (k4) than the transfer coefﬁcient for inﬂux (k3), as shown
in Table 2.
Data in Table 2 also show that the responses of livers from arthritic
rats to norepinephrine infusion were similar but not exactly the same
as those observed in livers from normal rats. The most striking differ-
ence was the lack of change in the transfer coefﬁcient k3, contrasting
with the diminution observed in the normal condition. Similarly to
the normal condition, on the other hand, the coefﬁcient for Ca2+ efﬂux
from the ﬁrst cytosolic pool (k2) was diminished (−56%), the transfer
coefﬁcient for Ca2+ efﬂux from the second cellular pool (k4) was in-
creased (+180%), and the values of k1 were not signiﬁcantly modiﬁed.
Due to the lack of change in the transfer coefﬁcient k3, the k3/k4 ratio,
which was 3.4 in livers from normal rats, increased to 8.2 in liversfrom arthritic rats (Table 2). Another useful comparison are the changes
caused by norepinephrine in the transfer coefﬁcient k4 (efﬂux from the
second cellular pool) in the normal and arthritic condition. In both cases
k4 was increased by norepinephrine by the same factor of 2.8.
3.6. The inﬂuence of adjuvant-induced arthritis on the expression of
SERCA2 in livers.
Fig. 12 shows the mRNA levels of SERCA2 normalized to 18S rRNA
in livers from normal and adjuvant-induced arthritic rats. The expres-
sion of SERCA2 was approximately 2.8 times lower in livers from ar-
thritic rats when compared to the control livers.
4. Discussion
4.1. General considerations
In the present work we have shown that the overall behavior of
Ca2+ can be analyzed in the perfused liver by means of the MID tech-
nique. This behavior conforms to the generally accepted notions about
the compartmentation of Ca2+ and its role as an intracellular messen-
ger. Themost important requisite for using theMID technique in studies
regardingmodiﬁcations in hepatic calciumhomeostasis is in agreement
between theory and experiment. The successful ﬁtting of Eq. (1) to
practically all outﬂow proﬁles obtained in the present work under var-
ious conditions represents the most important fulﬁllment of this requi-
site. The consistency of the parameters that were obtained, however, is
equally important. For example, various expected concentration gradi-
ents were found and these were modiﬁed by norepinephrine in a way
that can be predicted based on previous knowledge. Furthermore, pos-
itive correlations between exchange rates and concentrationswere also
found. Such correlations were saturable functions, as expected from
carrier mediated processes.
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Fig. 11. Inﬂuence of the adjuvant-induced arthritis on the rates of Ca2+ exchange and
on the Ca2+ pools. A: rates of Ca2+ exchange (F1i↔e and F2i↔e) calculated from the
transfer coefﬁcients using Eqs. (6) and (8). B: Ca2+ concentrations in the extracellular
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Fig. 10. Typical outﬂow proﬁles of 45Ca2+ and indicators obtained with a liver from an
adjuvant-induced arthritic rat. The liver was perfused with Krebs/Henseleit-bicarbonate
buffer (pH 7.4) containing 1 mM inulin and 50 μMCaCl2. A: experimental outﬂowproﬁles
of [3H]inulin (●−●), 45Ca2+ (○−○) and [3H]water (■−■). B: calculated (Eq. (1), −)
and experimental (●)45Ca2+ curves and the new reference (Eq. (2), ⋅⋅⋅⋅⋅⋅). C: resolution
of the theoretical outﬂowproﬁle of 45Ca2+ (—) into its components, throughput (−−−)
and exchanged (⋅⋅⋅⋅⋅⋅) plotted on a logarithmic scale versus time following injection. All
parameters were obtained by ﬁtting Eqs. (1) and (2) to the experimental outﬂowproﬁles.
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only inform about phenomena that are kinetically discernible. However,
proper interpretation of the data is possible if certain reasonable as-
sumptions about the nature of the underlying physiological processes
are made. Besides the current knowledge of the nature and properties
of Ca2+ transporters, comparison with similar kinetic studies reported
by other authors can strengthen the analysis [53–55]. In the following
we are discussing separately the most important topics of the present
study which include not only the nature of the various calcium pools
but also the modiﬁcations caused by arthritis.
4.2. The extracellular rapid exchanging Ca2+ pool
Comparison of the outﬂowproﬁles of [3H]inulin and 45Ca2+ allowed
to identify a rapid extracellular exchangeable pool into which Ca2+ un-
dergoes ﬂow-limited distribution (Ce2). This presumably comprises the
plasmamembrane adjacencies including the glycocalix. This second ex-
tracellular pool was relatively small (exceeding only nearly 10% of the
inulin space) and may represent Ca2+ bound to phospholipids andglycoproteins [56]. Actually, at least two classes of binding sites with
different afﬁnity constants have been identiﬁed in isolated plasma
membranes [57,58].
Nearly 70% of the plasma membrane is facing the sinusoid [31] and
in accordance with the plasma membrane lipid composition deter-
mined by Pﬂeger et al. [59], there are nearly 230 nmol sinusoidal phos-
pholipid per gram liver. The concentration of Ca2+ in the plasma
membrane (Ce2) at Ce1 equal to 500 μM was 50 nmol/ml extracellular
aqueous space or 111 nmol g−1 liver, assuming a mean value of
0.45 ml extracellular space per gram liver [43]. It seems, thus, that the
amount of phospholipids in the membrane is enough to accommodate
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roborates the kinetics of Ca2+ distribution indicating a single partition
coefﬁcient for the distribution of this cation between the vascular
space and the plasma membrane.
4.3. The ﬁrst cellular Ca2+ pool
That the ﬁrst intracellular space represents Ca2+ in the cytosolic
space was indicated by the large concentration gradient in relation to
both the vascular space (Ce1) and the second extracellular space (Ce2).
Most of this Ca2+ is likely to be bound to multiple cytosolic binding
sites, including speciﬁc proteins such as calmodulin and regucalcin,
unspeciﬁc proteins, phospholipids and metabolites [60,61]. The para-
bolic relation found between Ci1 and Ce1 may represent the binding of
Ca2+ to sites of relatively low afﬁnities or an increase in the afﬁnities
of the binding sites when the vascular CaCl2 concentration increased
(cooperative phenomenon). The possibility of a diffusion of Ca2+ into
an additional cytosolic space, not reached at lower concentrations, can
equally not be excluded. Direct measurements have indicated that at
least 99% of the total cytosolic Ca2+ is present in bound form to several
proteins and other ligand types which is in rapid equilibrium with the
free form [62–65]. In consequence, the resting level of Ca2+ in the cyto-
sol of unstimulated cells is around 0.1–0.2 μM at the physiological ex-
tracellular CaCl2 concentration of 1.2 mM [66]. Assuming that 1% is in
the free form, the free Ca2+ concentration in the cytosolic space at Ce1
500 μM from our present data would be equal to 0.81 μM. This is within
the same order of magnitude of the reported free Ca2+ concentrations.
This value is much more realistic than that estimated from the kinetic
data in the perfused rat liver by L'apointe and Olson [55]. These authors
estimated considerably higher Ca2+ concentrations in the cytosolic
compartment resulting in a value of 4.2 μM for the free form.
4.4. The second cellular Ca2+ pool
That 45Ca2+ also distributes in a deep pool within the hepatocytes
(second cellular pool) could be even visually discerned by examining
the tail component in the downslope of the 45Ca2+ outﬂow proﬁles. It
is worth to mention that when k3 and k4 were put equal to zero in
Eq. (1) (i.e., when the second pool was omitted) it could no longer
be ﬁtted to the experimental curve. Furthermore, the calculations re-
vealed a considerable gradient of Ca2+ concentration between the cyto-
solic (Ci1) and the second cellular pool (Ci2) which is more prominent at
lower values of the former (nearly 15 times, Table 1). Apparently, there
is a limited quantity of Ca2+-binding sites in the second pool, the max-
imal capacity being already reached at low vascular Ca2+ concentra-
tions, as revealed by the saturable dependence of Ci2 from Ci1 (Fig. 8).
Several cellular organelles such as mitochondria, nuclear enve-
lope, the Golgi apparatus and lysosomes are able to take up and to re-
lease Ca2+. It is generally recognized, however, that the endoplasmic
reticulum is the largest and more controllable intracellular Ca2+ store
in non-excitable cells [67]. In the endoplasmic reticulum Ca2+may be
bound to various storage proteins such as calsequestrin, calreticulins,
and endoplasmins [4]. It seems thus logical to assume, in principle at
least, that the second Ca2+ pool detected in ourMID experiments com-
prises mainly Ca2+ in the endoplasmic reticulum. Even so it is worth to
examine if mitochondria, which accumulate Ca2+mainly in the form of
calciumphosphate [68], could be equally contributing to the second cel-
lular pool. The participation of mitochondria as a Ca2+ store was
suggested by fractionation of hepatocytes labeled with 45Ca2+ and the
utilization of mitochondrial inhibitors [53]. However, the procedure
for mitochondria isolation probably causes redistribution of 45Ca2+ be-
tween the subcellular fractions. Mitochondrial inhibitors, on the other
hand, affect Ca2+ distribution between the compartments since many
Ca2+ transporters are ATP-dependent. Moreover, it is known that the
Ca2+-selective uniporter channel for mitochondrial Ca2+ uptake has a
relatively low afﬁnity for Ca2+. Uptake seems to be signiﬁcant only atconcentrations well above the cytosolic Ca2+ levels [38,69]. Consistent
with these ﬁndings is our observation that saturation of 45Ca2+ entry
into the second pool (k3 values) occurs at low cytosolic Ca2+ concentra-
tions. It is thus unlikely that under our experimental conditions the
tracer had signiﬁcant access to mitochondria during a single passage.
It looks much likely, thus, that the second pool represents mainly the
endoplasmic reticulum. We have found a maximal value of 84.1 μM
for total Ca2+ in this space when expressed in terms of the total aque-
ous cell space. Assuming that the endoplasmic reticulum represents
nearly 15% of the cell volume [70], the Ca2+ concentration in this com-
partment would be 6.7 fold higher (nearly 0.56 mM) if the tracer dis-
tributes uniformly. Values of 0.8 and 3.3 mM have been reported by
measuring the depletion of Ca2+ from the endoplasmic reticulum by
an ionophore or by BHQ (2,5-di-tert-butylhydroquinone), respectively
[71].
4.5. The kinetics of Ca2+ exchange
The concentration gradients between the various pools discussed
above ultimately reﬂect the corresponding ratios of the transfer coef-
ﬁcients for inﬂux and efﬂux (i.e., k1/k2 and k3/k4). The meaning of the
transfer coefﬁcients estimated by means of the present methodology
is complex. They are composite parameters, functions of the Ca2+
concentration in the pertinent compartment, the binding degree of
Ca2+ to various sites, and the kinetic constants of the carrier system
or systems, responsible for the transfer across membranes (basically
KM and Vmax).
The exchange rates of Ca2+ between the vascular and cytosolic space
(F1i↔e) and the exchange rates between the cytosolic space and the sec-
ond cellular pool (F2i↔e) were saturable functions of the Ca2+ concentra-
tion in the pertinent space (Fig. 9). In this respect it should bementioned
that, in contrast to our results, saturation of Ca2+ inﬂux was not ob-
served in isolated hepatocytes at concentrations up to 11 mM [53,66].
Saturation was also not found in the kinetic study of L'apointe and
Olson [55] in the perfused rat liver. Our results are thus consistent with
the participation of transport systems even though several systems
may be operating simultaneously not only in different compartments
but also in different directions. These are probably the plasmamembrane
Ca2+-ATPase (PMCA), which pumps cytosolic Ca2+ into the vascular
space [72] and the transporters responsible for Ca2+ uptake into the or-
ganelles, which have been proposed to play themajor roles in the main-
tenance of low cytosolic Ca2+ levels [53,66,73,5].
4.6. The action of norepinephrine
The experiments with norepinephrine were done because the ac-
tions of this hormone on Ca2+ ﬂuxes and compartmentation are
largely known and the results can be regarded as a test for the cor-
rectness and reliability of the methodology. The modiﬁcations in the
transfer coefﬁcients k2, k3 and k4 found at 1.5 min after starting nor-
epinephrine infusion are consistent with the known action of norepi-
nephrine which produces a substantial increase in the cytosolic Ca2+
concentration. The consequence of the simultaneous diminution of k3
and increase of k4 is evidently an increased net efﬂux of Ca2+ from
the second cellular pool which leads to increased cytosolic concentra-
tion. The diminution in k2, on the other hand, minimizes the Ca2+ loss
that occurs immediately after starting the infusion of norepinephrine
[1,74] in consequence of the increased cytosolic concentration. No sig-
niﬁcant change in k1was found indicating that therewas no stimulation
of the inward transport systems during the ﬁrst 1.5 min following nor-
epinephrine infusion. All these observations are in agreement with the
proposition that the earliest action of the Ca2+-dependent hormones is
the mobilization of intracellular stores and that Ca2+ entry into the he-
patocytes occurs later on in response to the emptying of the endoplas-
mic reticulum-Ca2+ stores [1,75,5]. It should be stressed that these
ﬁndings also corroborate our previous assumption that the second
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not to the mitochondria. It should be mentioned that L'apointe and
Olson [55] estimated from their kinetic analysis a reduction in the rate
coefﬁcients for Ca2+ efﬂux from the compartment corresponding to
the second cellular pool under the inﬂuence of phenylephrine or vaso-
pressin, at 50 or 500 μMextracellular CaCl2. Contrary to our conclusions
this observation led the authors to question if the second cellular pool
corresponded to the hormone sensitive pool.
Norepinephrine increased the perfusion pressure as expected, but it
also increased the vascular space. This combination of eventsmay result
from a vasoconstriction at the exit of the sinusoids because the latter
phenomenon can produce distention (swelling) of the sinusoids
and cells in consequence of the constant ﬂow system employed in
the present experiments [76,77].
4.7. Effects of adjuvant-induced arthritis on Ca2+ transport and
distribution
Our experiments detected modiﬁcations on transport and distribu-
tion of Ca2+ in the liver of arthritic rats. The most prominent modiﬁca-
tion was the increased Ca2+ concentration in the hormone-sensitive
cellular pool (endoplasmic reticulum). Furthermore, reduced rates of
Ca2+ exchange between the hormone-sensitive cellular pool and the
cytosolic space were also detected. The latter was consequence of dim-
inutions in both k4 and k3, that of the former beingmore accentuated. It
should be stressed that the Ca2+ concentration in the second cellular
pool is primarily expressed in terms of the whole cell volume. Conse-
quently, its increase also represents a real increase in Ca2+ content.
This is true irrespective of the fact that arthritis could have produced
changes in the effective volume of the endoplasmic reticulum.With re-
spect to this possibility it should be mentioned that endoplasmic
reticulum-stress, infection and inﬂammation can result in remodeling
of the endoplasmic reticulum with changes in Ca2+ signaling [78,67].
The sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) is consid-
ered the most important system that actively pumps Ca2+ into the
endoplasmic reticulum. The expression of SERCA2 was found to be
signiﬁcantly reduced in the liver of arthritic rats, a phenomenon
that accounts at least partly for the diminished values of k3. More-
over, the activity of SERCA2 has been demonstrated to depend on
the phospholipid composition and on the structural state of the mem-
brane [79,8,33]. Changes in the membrane lipid composition and in
the ﬂuidity of the endoplasmic reticulum had been earlier demon-
strated in arthritis [80,81]. A reduced expression and/or activity of
SERCA2 protein has been also observed in other pathological condi-
tions including obesity [82,83] and age-related cardiac dysfunction
[8,33,84].
SERCA2 plays a critical role not only in clearing cytosolic Ca2+ after
agonist stimulations [85–87] but it is also involved in the maintenance
of the resting intra-ER free calcium that controls a variety of ER-
dependent cellular functions, including synthesis, folding and export of
proteins, cell differentiation and ER stress response [88–90]. There is
also evidence about cross-talk between the inﬂammatory response in
the arthritis disease and the ER stress response [91–93]. Interleukin-1
(IL-1) and tumor necrosis factor-alpha (TNF-α) have been reported to
induce ER stress in hepatocytes, by activating the expression and the
cleavage of an ER-localized transcription factor CREBH which mediates
acute phase response in the liver [92]. These proinﬂammatory cytokines
also act as ER stressors in RA joints by up-regulating the ER chaperone
(immunoglobulin-heavy-chain-binding protein) GRP78 expression in
RA synoviocytes [93]. Possibly, the abnormal expression of SERCA2 is an-
other consequence of ER stress in arthritis inﬂammation.
We have no deﬁnitive explanation for the k4 reduction in livers from
arthritic rats. Actually, the processes inﬂuencing the transfer coefﬁcient
k4 under basal conditions are not well understood, since the physical
structure of the elements responsible for the passive Ca2+ efﬂux or
basal leaking has not yet been elucidated [94,95]. On the other hand, itis well known that, in the liver cells, inositol 1,4,5-trisphosphate recep-
tors (IP3Rs) expressed on the ERmembranes provide the main pathway
for Ca2+ release in response to hormones like norepinephrinewhich act
on the G-protein coupled receptors in the plasma membrane [96,97].
These receptors are modulated by many ER luminal Ca2+-binding pro-
teins such as lectin, chaperones, calreticulin and calnexin. In absolute
terms the increment caused by norepineprine in k4 was less pronounced
in the arthritic livers, a ﬁnding that could be related to alterations of the
expression or of the activities of IP3Rs and itsmodulators. It is worth not-
ing, however, that in proportional terms norepinephrine increased k4 by
exactly the same factor (2.8) in both the normal and arthritic condition.
The simplest explanation for this observation is that the efﬂux transport
system is less active in the arthritic condition but that the sensitivity to
norepinephrine is not impaired.
The change in k4 caused by arthritis could be equally reﬂecting al-
terations in the content of Ca2+ binding proteins which could, in turn,
be affecting the free concentration of the cation. This possibility is
supported by reports about changes in the levels of the endoplasmic
reticulum proteins under pathological conditions. The list includes
sorcin, triadin, phosopholamban, calmyrin, calsenilin and proteins of
the Bcl-2 family [98,99,67].
It should be noted that in the normal condition, the increase in k4
caused by norepinephrine was associated with a reduction in k3.
These simultaneous changes in the transfer coefﬁcients of inﬂux and
efﬂux could be related to the role of SERCA2 in controlling the fre-
quency the of IP3-induced intracellular Ca2+ oscillations [85–87]. In
the arthritic condition, however, k3 was not reduced, suggesting an
alteration in this control mechanism of the Ca2+ ﬂuxes that may be
consequence of an altered activity/expression of SERCA2.
The observation that arthritis affects mainly the Ca2+ homeostasis in
the endoplasmic reticulum is in accordance with recent evidence that
the organelle is implicated in the pathogenesis of other diseases, includ-
ing obesity [8], cardiac disorders [84], diabetes [6], Huntington's [28] and
Alzheimer's diseases [29]. Independently of the mechanisms involved, it
is important to stress that the lower absolute values of k3 and k4 under
basal conditions and the differential response to norepinephrine infusion
may lead to lower efﬁciency in mobilizing Ca2+ from the intracellular
stores and also to replenish the stores in the arthritic condition.
5. Conclusion
It can be concluded from the bulk of the data presented in this article
that themultiple-indicator dilution technique represents a useful alterna-
tive for analyzing modiﬁcations in Ca2+ homeostasis caused by effectors
or diseases. In experimental terms the measurement of 45Ca2+ outﬂow
proﬁles is relatively simple and the mathematical analysis presents no
signiﬁcant difﬁculties with the now available computing facilities. The
possibility of evaluating kinetics and estimating pool sizes under condi-
tions inwhich hemodynamics, anatomy and hepatocyte polarity are pre-
served is especially attractive. In the study of the pathogenesis of liver
diseases, information obtained in different cellular preparations and
methodologies can be corroborated or refuted for their signiﬁcance in
the intact cells and whole organ. As demonstrated in the present work,
the arthritis disease changes Ca2+homeostasis in the intact liver by alter-
ing the endoplasmic reticulum Ca2+ ﬂuxes. The observed changes in the
kinetic parameters and the reduction of the SERCA2 expression were
probably related to the induction of ER stress by inﬂammatorymediators.
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